Abstract Twenty four male Sprague-Dawley rats, 35 days old, were randomly assigned to one of four groups : 2 resting control groups and 2 swimming groups. The sea level-control and the sea level-swimming groups were housed 5 weeks at 1,011 hPa (760 mmHg) while the hypoxic control and swimming groups were housed for 1 week at 678 hPa, followed by 4 weeks at 611 hPa. The swimming rats were subjected to a swimming program of 30 min, 6 days/week for 5 weeks. Both hypoxia groups developed significantly higher Hb and Hct levels than the sea level groups. The glycogen content in the extensor digitorum longus (EDL) and the deep portion of the vastus lateralis (DVL) muscles of the sea levelswimming group were significantly greater as compared to the hypoxia swimming group. The succinate dehydrogenase (SDH) activity in the sea level-control group was significantly lower in the EDL muscle than in the 3 other groups, and in the DVL muscle lower than that of the sea levelswimming group. Histochemically, hypoxia and swimming training induced significant increases in the fast-twitch-oxidative-glycolytic (FOG) fibers (6-11 %) in soleus muscle, and decreases in the slow-twitch-oxidative (SO) fibers. The EDL muscles had significantly higher percentages of FOG fibers in the hypoxia and swimming groups than in the sea level control group. On the basis of the present study it seems probable that hypoxia is a triggering factor for the conversions of muscle fiber types and the increase in oxidative capacity.
. Myoglobin content of the heart (TURECK et al., 1973) and skeletal muscles (TAPPEN and REYANFARJE, 1957) increases in rats raised at high altitudes. These observations although limited, indicate that in mammals, biochemical adaptations to altitude exposure do occur to optimize tissue energy production in the face of low tissue Pot. A systematic study carried out in this laboratory on enzymatic profiles in skeletal muscles and organs resulting from hypoxia loading, indicated that an elevation of respiratory enzyme activity occurred in some muscles which originally have high oxidative capacity (TAGUCHI et al., 1984a, b) . Extension of this study examined the effects of hypoxia with swimming training on glycolytic and oxidative capacities of the skeletal muscles, heart, and liver in rats.
MATERIALS AND METHODS
Twenty four male Sprague-Dawley rats (35 days old) were randomly assigned to one of four groups (6 each, however, one died in the hypoxia swimming group); 2 resting control groups and 2 swimming groups. One sea level-controls (SC) and one sea level-swimming group (SS) were housed for 5 weeks at 1,011 hPa (760 mmHg) and the other for 1 week at 678 hPa (510 mmHg), followed by 4 weeks at 611 hPa (460 mmHg) (hypoxia control, HC and hypoxia swimming, HS). The hypoxia groups were repressurized to 1,011 hPa for 1 h/day for exercise, weighing and/or feeding. The swimming rats were subjected to a swimming program of 30 min, 6 days/week for 5 weeks. Ambient temperature of the housing and exercise was maintained at 22°C. The air flow rate of the hypobaric chamber was regulated at 20 1/mm.
Tissue sampling. At 10 weeks of age, animals in the experimental and control groups were anesthetized with pentobarbital sodium, 50 mg kg'. Samples of skeletal muscle were removed from both hindlimbs; one was for biochemical assay, the other for histochemical analysis. The extensor digitorum longus (EDL), soleus, plantaris, and superficial and deep portions of vastus lateralis muscles (SVL and DVL, respectively) were rapidly exposed, dissected free and immediately frozen in liquid N2 with precooled aluminum tongs, and stored at -80°C for later analysis. Following a ventral incision, 1 ml of blood was withdrawn from the abdominal aorta into a heparinized syringe. Blood samples were analyzed for hemoglobin by the cyanmethemoglobin method, hematocrits by the microhematocrit method, and total plasma protein by a Goldberg refractometer. The liver and heart were then excised, frozen as described and stored at -80°C. All samplings were performed 24 h later after the end of the training regimen.
Biochemical analysis. At the time analysis, frozen tissue samples were weighed and divided into sections for individual chemical determinations. Tissue glycogen content was determined colorimetrically by the Anthrone method according to VAN HANDEL (1965) . Succinate dehydrogenase (SDH) activity at 37°C was assayed using a modified spectrofluorometric method described by SHEPHERD et al. (1977) . One hundred µl aligouts of 1:100 (wt.: vol.) homogenates prepared in 0.17 M P04-0.05 % BSA buffer (pH 7.4) were incubated for 5 min at 37°C. Fumarate formed during the reaction was determined fluorometrically by placing 601u1 of PCA extract in 3.0 ml of medium containing 100 mM hydrazine (pH 9.2) and 0.36 mM NAD. The initial fluorescence was read and the reaction initiated by adding 30 µl of a solution containing 0.25 mg/ml fumarase and 5 mg/ml malate dehydrogenase. The change in fluorescence was determined after 2.5 h incubation at room temperature (ca. 24°C). Phosphofructokinase (PFK) activity was determined at 37°C according to BERGMEYER (1974) with the following modifications in final concentration: NADH 0.135 mM, PK 9 U/ml, and LDH 13 U/ml (Sigma Chem. Co., personal communication).
Histochemical analysis. Muscle samples frozen for histochemical analysis were sectioned (10 ,um thick) in a cryostat at -20°C.
The sections were stained Fig. 1 . Growth of body weight in rats under four different conditions. Each point represents mean±S.E. with an interval of 1 week. All satistical comparisons among any of the groups are all significant at p <0.05 after 2 weeks of training. In the first week of training, there were significant differences only between HS vs. SS and/or HS vs. SC.
with myosin adenosine triphosphatase (ATPase) according to the modified method (using alkaline; Tris-HC1 buffer, pH 10.4, preincubation for 10 min, the incubation time ranged from 20 to 40 min) of PADYKULA and HERMANN (1955), and DAVIES and GUNK (1972) after the treatment of fixation described by HAYASHI and FREIMAN (1966) . The sections were also stained with succinate dehydrogenase (SDH) using the method of BARKA and ANDERSON (1963) .
RESULTS
Figure 1 shows changes in body weight in four different groups during the experimental period. Rats continued to increase in body weight, although the rate of growth decreased progressively with time except for the sea level-control group. The body weight and relative organ weight of the four different groups are presented in Fig. 2 . All differences in average body weights among the groups were significant, with the exception of the hypoxia-control vs. hypoxia-swimming group. Due to lower body weights, the relative heart and adrenal weight (right) were greater in both swimming groups than in the control groups. Both hypoxia Japanese Journal of Physiology Fig. 2 . Effect of hypobaric hypoxia and swimming training on body weight(g), relative heart weight (mg/g body weight) and relative adrenal weight (µg/g body weight) of rats.
Values are mean ± S.E. Graphical mark means significant difference at p X0.05 between groups.
groups developed significantly higher Hb and Hct levels than the sea level groups (Fig. 3) . Plasma protein levels decreased in both training groups regardless of environmental conditions. As seen in Table 1 , differences in the glycogen content were observed in some muscles among the groups. The control group at sea level had significantly greater glycogen content in soleus muscles than both swimming groups. The glycogen contents in EDL and DVL muscles of the sea level-swimming group were significantly greater than in the hypoxia-swimming group. Furthermore the hypoxia-swimming group had significantly lower glycogen contents in EDL than the 3 other groups. Mean activities for PFK in the soleus, EDL, SVL, and DVL are presented for the four groups in Table 2 . There were no statistically significant differences in PFK activities in all muscles among any of the groups. Mean SDH activities for four groups are given in Table 3 . In EDL muscles, the SDH activity in the sea level-control group was significantly lower than in both swimming groups and in DVL muscles lower than that of the sea level-swimming group. The sea level-control was the only group that showed a consistent pattern of low enzymatic activity compared with the 3 other groups, although the difference was not always statistically significant. Table 4 shows relative muscle fiber populations for each muscle of four different groups. In the Vol. 35, No. 6, 1985 soleus muscle, hypoxia and swimming induced significant increases in FOG fibers (6-11 %), and decreases in SO fibers. Sea level-control had the lowest percentages in FOG fibers, compared with the other groups. EDL muscle had a significantly higher percentage of FOG fibers in the hypoxia and swimming groups than in the sea level-control group. The plantaris muscle in sea level-control had a significantly lower percentage in FOG fiber and a higher percentage in FG fiber than those in the other 3 groups. Hypoxia-control also showed a significantly higher percentage of FOG fibers than in the sea level-swimming group.
DISCUSSION
Due to lower body weights, the relative heart and adrenal weights were significantly greater in the hypoxia-swimming group than in the sea level-swimming group and/or greater in hypoxia-control than in the sea level-control. Cardiac hypertrophy in altitude-adapted rats has been observed (TIMIRAS et al., 1957; VALDIVIA, 1957) . Generally, hypoxia increases the work output of the heart by elevating heart rate, blood viscosity, and blood volume, subsequently a work hypertophy develops. In the present study, the much more pronounced hypertrophy of the heart was probably associated with hypoxia stress and swimming training. The relative adrenal weights of sea level-and hypoxia-groups were similar Vol. 35, No. 6, 1985 to previously reported results (HALE et al., 1959; TUCKER and HORVATH, 1973 ). An increased relative adrenal weight has been accepted as a good measure of the level of stress. TUCKER and HORVATH (1973) found that chronic hypoxia induced an increase of adrenal blood flow with an increase in relative adrenal weight. There were significant elevations of hemoglobin and hematocrit in hypoxia groups, regardless of the training. However hematocrit elevation was not essential for an increased tolerance to hypoxia. A considerabley high hemoglobin concentration may not correspondingly bring out a beneficial effect in 02 transporting capacity due to impedance to venous return caused by the increased viscosity. WOLFE and HORVATH (1974) suggested that the shift in total blood volume and plasma volume is of physiological importance rather than the change in oxygen carrying capacity.
There were significant differences in glycogen content of soleus, EDL, and DVL muscles among the groups. Only in the soleus muscle, sea level-swimming group had a lower value in the glycogen content as compared to the sea level-control group. This is not in agreement with previous studies in which the trained muscles showed an elevation in glycogen content, although muscle samples taken were not always the same (GoLLNICK et al., 1970 (GoLLNICK et al., , 1972 (GoLLNICK et al., , 1973 . The mechanism of this difference is obscure now. In general, the hypoxia-swimming group showed the lowest value in glycogen content. CHIODI (1963) stated that due to the low glycogen content and the increase in the liver fat, a starvation effect must be present.
The most remarkable finding of this study was that hypoxia and swimming resulted in a change in fiber composition with SO fibers converting to FOG fibers, based on counting the number of all fibers in the total cross-sectional area of the soleus muscle. This result suggests that hypoxia might be a trigger to induce a change in myosin molecule configuration which results in altered contractile properties. A number of investigators have reported that physical training did not induce the transformation from the slow twich fiber type to the fast twitch fiber type and vice versa (BARNARD et al., 1970; EDGERTON et al., 1972; FITTS et al., 1973) . However, recently it has been demonstrated that physical training indicates the possibility of fiber type conversion in man (JANSSON et al., 1978) and in horse (GUY and SNOW, 1977) . On the other hand, our previous study was the first to suggest the possibility of hypoxia-induced fiber type transformation (TA-GUCHI et al., 1984b) . One possible explanation for hypoxia-induced fiber type transformation may be related to the finding that anaerobic training induces a conversion of slow twitch fiber to fast twitch fiber (JANSSON et a!.,1978) . Because anaerobic training contains such severe exercise, it might be similar to the hypoxic condition, which is based on insufficient oxygen supply. KINNULA and HASSINEN (1977) noted that during postnatal development environmental oxygen tension is an important factor that regulates the synthesis of mitochondrial proteins after birth. The conversion of SO to FOG muscle fibers did not show the dif ference in oxidative potential from the results of SDH activity. There is evidence of the same level of oxidative capacity in both fiber types. In contrast, it was found that fiber type conversion of subgroups in fast twitch fiber, namely FG to FOG, had occurred in EDL muscles after hypoxia. The higher SDH activity in the hypoxia groups agrees with the finding reported by SHERTZER and CASCARANO (1972) . Thus, it is plausible that FOG fibers do have higher oxidative capacity than that of FG fibers. On the basis of the present study it seems probable that hypoxia acts as a triggering factor for the conversions of muscle fiber types and increases oxidative capacity.
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